We study the photometric properties and sizes of the reionization-epoch galaxies in high-resolution Simba cosmological hydrodynamical simulations with box sizes of [25, 50]h −1 Mpc. Assuming various attenuation laws, we compute photometry by extincting each star particle's spectrum using the line-of-sight gas metal column density. The predicted ultraviolet luminosity function (UVLF) generally agrees with observations at z = 6, owing to a partial cancellation between the high metallicities of the simulated galaxies and lower dust-to-metal ratios. The simulated z = 8 UVLF is low compared to observations, likely owing to excessive dust extinction. Simba predicts UV continuum slopes (β) in agreement with the z = 6 observations, with the best agreement obtained using a Calzetti extinction law. Interestingly, the gas-phase massmetallicity relation in Simba is higher at z ∼ 6 than at z ∼ 2, suggesting that rapid early enrichment (and dust growth) is necessary to match the observed β. We find that β is much more sensitive to the dust extinction law than the UVLF. By generating mock James Webb Space Telescope (JWST) images and analysing in a manner similar to observations, we show that Simba's galaxy size-luminosity relation well reproduces the current z = 6 Hubble observations. Unlike observations at lower redshifts, Simba predicts similar rest-UV and rest-optical sizes of z = 6 galaxies, owing to weak age gradients and dust extinction in star-forming regions counteract each other to weaken the color gradients within galaxies. These predictions will be testable with JWST.
INTRODUCTION
Our understanding of galaxy evolution over the first billion years after the Big Bang has been revolutionized since the installation of the Wide Field Camera 3 (WFC3) on board the Hubble Space Telescope (HST). The remarkable nearinfrared (IR) capabilities of WFC3 has enabled more than 1000 galaxies to be detected at 6 < z < 10, allowing a thorough investigation into star formation in the very early universe. This cosmic frontier will be pushed even more forward with the launch of the James Webb Space Telescope (JWST), with its unprecedented IR sensitivity and spatial resolution. The physical properties of these young galaxies provide direct tests of our theoretical picture of galaxy formation, where gas inflows, outflows, and other feedback processes E-mail: xiaohan.wu@cfa.harvard.edu shape the star formation histories together. In addition, observations of these early objects shed light on whether their emergence provided enough ionizing photons to make reionization of the intergalactic medium (IGM) possible -the last major phase transition of the IGM (for a recent review, see Stark 2016) .
One of the most fundamental measurements at z 6 is the galaxy rest-frame UV luminosity function (UVLF). The UVLF gives the volume density of galaxies as a function of their rest-UV luminosity. It is canonically parametrized by a Schechter (1976) function, which exhibits a near power-law relation at the faint end and an exponential cutoff above a characteristic luminosity. The LF is generally believed to be shaped by feedback processes, e.g. by supernova feedback at the faint-end (e.g. Somerville & Davé 2015) . By comparing the galaxy LF with the halo mass function, we gain insights into these physical processes that affect galaxy for-mation and how they evolve with cosmic time. Moreover, the rest-frame UV luminosity correlates well with the recent star formation activity for all but the most dust-obscured galaxies. Establishing the UVLF at z 6 is thus essential for evaluating the role of early galaxies in the epoch of reionization (EoR) . The recent measurements of Bouwens et al. (2015) and Finkelstein et al. (2015) showed that the faint-end slope of the UVLF is steeper with increasing redshift, consistent with the evolution of the halo mass function (see also Tacchella et al. 2013 Tacchella et al. , 2018b Mason et al. 2015) . It reaches −2 by z 7 − 8 (but see also Bouwens et al. 2017; Livermore et al. 2017; Atek et al. 2018 ), suggesting that low-luminosity galaxies dominate the integrated UV luminosity during reionization. Such a steep faint end slope also implies that the ionizing photon budget produced by these early galaxies is sufficient to reionize the universe by z 6 with modest ionising photon escape fractions (e.g. Robertson et al. 2013; Finkelstein et al. 2019 ; but see also Naidu et al. 2019) .
While the UVLF gives the galaxy abundances, the UV continuum slope β (defined by f λ ∝ λ β ) provides information about the stellar populations and the interstellar medium of the galaxies. Since the UV continuum is dominated by radiation from massive stars, β is sensitive to the metallicity and age of the stellar population, and especially the dust content within a galaxy (e.g. Cortese et al. 2008; Wilkins et al. 2011) . At high redshifts z 6, because stellar populations are expected to be uniformly young (Tacchella et al. 2018b) , β is believed to be mostly affected by dust extinction, making it a useful tracer of chemical enrichment and dust formation in early galaxies. Studies have found that galaxies are generally bluer with increasing redshift (Finkelstein et al. 2012; Bouwens et al. 2014) , and that fainter galaxies are bluer than brighter ones (Bouwens et al. 2014) . This implies that the dust content in galaxies is decreasing towards earlier times, and that faint galaxies may be less metal enriched than massive ones.
The sizes and morphologies of galaxies at z 6 offer another window into galaxy formation and evolution. Sizes are influenced by the host halo's angular momentum (e.g. Mo et al. 1998) , merger history, and also stellar feedback which can redistribute angular momentum within galaxies (Brooks et al. 2011; Genel et al. 2015; Christensen et al. 2016) . The luminosity dependence of the galaxy sizes is also affected by the form of the dominating feedback (e.g. Wyithe & Loeb 2011) . Observations have shown that galaxies at z 6 are very compact, with physical sizes of order 1 kpc or even smaller (e.g. Oesch et al. 2010) . The bright galaxies are often found to contain multiple cores, which could be interpreted as merging systems or individual star-forming clumps within a larger structure or disk (e.g. Bowler et al. 2017) . Observations of the galaxy size-luminosity relation have also put constraints on the specific angular momentum of the disk and the spin parameter of the halo (e.g. Shibuya et al. 2015; Kawamata et al. 2018) , providing insights into the angular momentum transfer between disks and halos.
Cosmological simulations of galaxy formation are a valuable tool for constraining the physics of galaxy evolution. State-of-the-art simulations with ever-improving subgrid recipes for modelling star formation and feedback processes have proved to be successful in reproducing various galaxy population properties (Vogelsberger et al. 2014 ; Dubois et al. 2014; Schaye et al. 2015; Davé et al. 2016; Springel et al. 2018; Davé et al. 2019) . Since such simulations are often tuned to match observations at lower redshifts, understanding how the simulated galaxies compare with the observed ones at higher redshifts hints upon the differences in the galaxy formation physics at high and low redshifts. Moreover, simulations provide a key tool for predicting the properties of galaxies that will be observable in the near future with next-generation instruments, such as JWST. Both of these goals require a comprehensive study of the photometric properties of the simulated high-redshift galaxies (e.g. Davé et al. 2006; Finlator et al. 2006 Finlator et al. , 2007 Finlator et al. , 2011 Vogelsberger et al. 2019) . While this can also be achieved by semi-analytic approaches (e.g. Yung et al. 2019a,b) , galaxy formation simulations offer many advantages owing to their explicit modeling of the baryonic component, such as directly resolving structures within galaxies. This allows the construction of mock observational images and thus mimicking the observational methods for measuring galaxy properties, especially galaxy sizes.
In this work, we study the photometric properties of galaxies at z ≈ 6 from the Simba simulations , including the UVLF, UV continuum slope, and sizes. Simba is calibrated to reproduce the global evolution of the galaxy mass function and quenched galaxy population from z ∼ 6 → 0, thus providing a plausible feedback model that can be tested against z 6 observations. In addition to investigating the nature of galaxies at the reionization-epoch, we make predictions for future JWST observations. JWST will allow us to probe the rest-frame optical radiation from those z ∼ 6 galaxies, while HST cannot. It thus offers a window for understanding both the rest-UV and rest-optical observations and the link between them. This paper is organized as follows. In Section 2 we briefly introduce the simulations and the tools we use to generate mock observations. In Section 3 we present the main results: the UVLF, UV continuum slope, and size measurements from the simulated galaxies. In Section 4 we discuss possible future directions and summarize our work.
SIMULATIONS AND ANALYSIS

The Simba simulations
This work uses two new simulations in the Simba cosmological hydrodynamic simulation suite. We refer the readers to Davé et al. (2019) for a detailed description of the input physics, and summarize the main points here. Simba uses the Gizmo cosmological gravity+hydrodynamics code with its Meshless Finite Mass (MFM) solver (Hopkins 2015 (Hopkins , 2017 . It includes non-equilibrium radiative cooling from H, He, and metals, with 9 metals tracked arising from Type II+Ia supernovae and stellar evolution. It incorporates star formation using an H 2 -based Schmidt-Kennicutt relation (Kennicutt 1998), with the H 2 fraction computed based on the sub-grid prescription of Krumholz & Gnedin (2011) . A minimum metallicity of 1% solar is applied when using the H 2 prescription. Star formation driven winds are modeled as kinetic decoupled two-phase outflows, with the mass loading factor scaling with stellar mass as given by Anglés-Alcázar et al. (2017b) . Black holes are seeded and grown primarily using a torque-limited accretion model (Anglés-Alcázar et al. 2017a), and feedback is in the form of radiative winds, jets, and X-ray momentum. Dust growth and destruction processes are tracked on the fly. These modules work together to yield good agreement with a wide range of galaxy , black hole (Thomas et al. 2019) , and dust ) observables across cosmic time.
The simulation in Davé et al. (2019) had a (100 h −1 Mpc) 3 volume (Simba-100). Here we run simulations with identical input physics but having volumes of (25 h −1 Mpc) 3 (denoted as and (50 h −1 Mpc) 3 (Simba-50). A minor modification to the Simba-100 mass loading factor scaling is that it is held constant at M * < 2.9 × 10 8 M (which is the Simba-100 galaxy mass resolution limit), rather than continuing its power law increase down to each simulation's galaxy mass resolution limit; this was found necessary in order to prevent very large mass loading factors in small early galaxies that over-suppressed early star formation. Like the large-volume Simba-100 run, these new runs also have 1024 3 dark matter particles and 1024 3 gas elements. As such they have mass resolutions 64× and 8× better than the Simba-100, respectively. This is necessary to better model small early galaxies. Specifically, Simba-25 has a dark matter particle mass resolution of 1.5 × 10 6 M and initial gas element mass resolution of 2.85 × 10 5 M , with the corresponding numbers in Simba-50 being 8 times larger. The minimum gravitational softening lengths are 0.125 h −1 kpc (comoving) and 0.25 h −1 kpc in Simba-25 and Simba-50, respectively. Notably, Simba-25 resolves halos down to approximately the H cooling limit (M halo ∼ 10 8 M at z ∼ 6), so should capture the vast majority of cosmic star formation during the EoR. Simba-50 enables us to extend the dynamic range and test resolution convergence effects. and Simba-50 are run down to z ≈ 4, but for this work we only use z ≥ 6 snapshots. All runs adopt a Planck Collaboration et al. (2016) cosmology with Ω m = 0.3, Ω Λ = 0.7, Ω b = 0.048, h = 0.68, σ 8 = 0.82, and n s = 0.97.
The galaxy sample
Galaxies are identified in post-processing using the yt-based package Caesar, which uses a 6-D friends of friends algorithm. We consider galaxies with ≥ 32 star particles. This gives us 13622 galaxies in Simba-25, and 9588 in Simba-50 in the z = 6 snapshots. For the stellar mass function and the UVLF, we use all galaxies in this sample. For the UV continuum slope and size measurements, we only use galaxies with M 1500 ≤ −16 in Simba-25 and those with M 1500 ≤ −18 in Simba-50 when assuming the Calzetti et al. (2000) extinction law. These magnitude thresholds are the positions where the UVLFs turn over because the star formation histories cannot be adequately captured with the adopted mass resolutions (see Sec. 3 for details). This reduces our sample size to 2699 galaxies in Simba-25, and 2608 in Simba-50 at z = 6. We also briefly examine the stellar mass function and the UVLF at z = 8.
Mock photometry, images, and spectra
We use the Pyloser package 1 to create synthetic spectra and images for the simulated galaxies. Pyloser treats each star particle in a galaxy as a single stellar population with a given age and metallicity. It generates a mock spectrum for the star particle using the Flexible Stellar Population Synthesis (FSPS) library of population synthesis models (Conroy et al. 2009; Conroy & Gunn 2010) . We include nebular emission, which is implemented in FSPS by a pre-computed Cloudy table. By default, we use the MIST isochrones (Dotter 2016; Choi et al. 2016; Paxton et al. 2011 Paxton et al. , 2013 Paxton et al. , 2015 and MILES spectral library (Sánchez-Blázquez et al. 2006; Falcón-Barroso et al. 2011 ) and assume a Chabrier (2003) initial mass function. In Appendix A, we will show that using different isochrone models, especially one that includes stellar binaries, yields very similar UVLF and β − M 1500 relation as using MIST. This is consistent with the findings of Choi et al. (2017) that the predictions on the far-UV spectrum by different isochrone models agree well with each other.
To take into account dust extinction, we first calculate the metal column density and the mass-weighted average metallicity along the line of sight to each star particle. We convert the average metallicity to dust-to-metal ratio (DTM) using a fitting formula to the simulated DTM-gasphase metallicity relation . The Simba-100 simulation has been shown to have a weak evolution of the DTM-gas-phase metallicity relation from z = 6 to z = 0 ). The total extinction in the V band, A V , is computed via scaling the A V -metal column density relation in the Milky Way (Watson 2011) by the ratio of the DTM to that of the Milky Way (Dwek 1998; Watson & Jakobsson 2012) .
Given an A V value for each star particle, we then extinct its spectrum by assuming an extinction law. We primarily use the Calzetti et al. (2000) law, but we also consider the extinction law from Salmon et al. (2016) , which multiplies the Calzetti et al. (2000) law by (λ/λ V ) δ , where δ = 0.62 log E(B −V) + 0.26 and λ V = 5500Å. Such a form lets galaxies with high color excess have a shallower, starburstlike law, and those with low color excess have a steeper, SMC-like law. Finally, we also examine the SMC extinction law (Gordon, Clayton, Misselt, Landolt & Wolff 2003) . For creating the mock images, we only use the Calzetti et al. (2000) law since it yields the best match of the simulated UVLF and β − M 1500 relation to observations (see below and Sec. 3).
For each Caesar-identified galaxy, Pyloser sums the spectra of all the star particles in it and convolves the summed spectra with desired filters to get the AB magnitudes. We use the rest-frame spectra to compute the absolute UV magnitudes, and the redshifted spectra to calculate the apparent magnitudes for relevant HST and JWST bands. The magnitude at rest-frame 1500Å, M 1500 , is calculated by the convolving the rest-frame spectra using a boxcar filter centered at 1500Å with 400Å in width. For the JWST bands, we especially focus on JWST F115W and F444W, which correspond to rest-frame 1600Å and 6300Å at z = 6. Pyloser is also able to make mock images by binning the star particles into pixels, and analogously compute the magnitudes in each pixel. We use the pixel sizes of the corresponding HST and JWST bands to generate the images. Specifically, F115W and F444W have pixels scales of 0.031 and 0.063 arcsec respectively, which correspond to 0.18 and 0.37 physical kpc at z = 6.
An example galaxy
To illustrate the sort of outputs obtainable from Pyloser, we show images and spectra for a selected z = 6 galaxy from Simba-25. This galaxy has a stellar mass of 6×10 9 M , a SFR of 24 M /yr, and a gas-phase SFR-weighted metallicity of 0.28 Z . Figure 1 shows example images generated by Pyloser for the selected galaxy in Simba-25 at z = 6 in various HST WFC3 and JWST NIRCAM bands. The x, y coordinates are in units of physical kpc. The images are shown out to twice the 3D stellar radius of the galaxy, which is the largest distance of a star particle to the galaxy's center of mass as determined by Caesar. From left to right, the effective wavelengths of the filters increase. Each image is created using the corresponding pixel scale of the instrument/filter. The images are not convolved with PSFs and no noise is added. In this optimal setup, JWST clearly resolves more detailed structures of the galaxy than HST, such as clumps, streams, and the central core. The HST WFC3 filters have a pixel scale of 0.13 arcsec, which is about four times and twice as large as the pixel scales of JWST F115W and F444W, respectively. Similarly, the JWST F115W image shows more structures than the F444W one. Interestingly, this galaxy has very similar morphologies in the rest-frame UV (e.g. F115W) and rest-frame optical (e.g. F444W) bands. In fact, we find that the simulated galaxies exhibit a general trend of having similar morphologies in rest-UV and rest-optical, owing to young ages of the stellar populations (see Sec. 3.3 for details). Figure 2 presents an example of mock spectra generated for the selected galaxy in Simba-25. The black line shows the extinction-free spectrum, and the blue, green, and red lines represent the attenuated spectrum assuming the Salmon et al. (2016) , Calzetti et al. (2000) , and SMC laws, respectively. Assuming the Calzetti et al. (2000) law, this galaxy has a UV magnitude of M 1500 = −20.47 and A V = 0.88. Hence this is a galaxy that is typically detectable with HST at these epochs. The Salmon et al. (2016) law exhibits the least extinction, while the SMC law generates the most dust attenuation. The galaxy displays a very blue continuum and strong emission lines characteristic of early galaxies, but also shows a noticeable 4000Å break indicating an underlying older stellar population. Song et al. (2016) and Duncan et al. (2014) , respectively.
MAIN RESULTS
The stellar mass function and the UVLF
The two simulations are in fairly good agreement with the observational data at both redshifts. Also, the good agreement between the two simulations in the overlapping mass range shows that they are reasonably well converged in mass growth. Simba-25 overshoots the number of low-mass galaxies at z = 6. While systematic uncertainties in the observations are generally larger here, this may indicate that Simba does not suppress very small galaxy formation sufficiently. Overall, Simba grows stellar mass in early galaxies in good agreement with observations. Figure 4 presents the simulated rest-frame 1500Å LFs at z = 6 (top and middle panels) and z = 8 (bottom panel).
Here we use all galaxies in our sample, with no stellar mass limit, in order to assess resolution convergence. Since these small young objects are very gas-rich, they typically have > ∼ 100 gas and star particles in total, which is generally regarded as sufficient to be well-resolved. The red and blue lines in the top panel show the z = 6 UVLFs in Simba-25 and Simba-50, respectively. Solid and dashed lines represent UVLFs assuming no dust and the Calzetti et al. (2000) extinction law, respectively. Errorbars illustrating the jackknife estimate of the error are only plotted for the dustattenuated UVLFs.
The UVLFs in the two simulations are reasonably well converged in the M 1500 range where they overlap. The Simba-25 UVLF shows a turnover at M 1500 = −16, and Simba-50 at M 1500 = −18. These turnovers are not physical. They occur because the mass resolutions of these simulations can no longer adequately capture the star formation histories of the low-mass galaxies, owing to our stochastic approach to star formation which occurs quite rarely in such small systems with high mass loading factors. Therefore in the analysis on the UV continuum slope and size measurements below, we only focus on galaxies with M 1500 ≤ −16 in Simba-25, and those with M 1500 ≤ −18 in We combine UVLFs in Simba-25 and Simba-50 by taking the value of the combined LF in each M 1500 bin to be the higher one of the LFs in the two simulations (following Davé et al. 2006) . The middle panel of Figure 4 illustrates the combined UVLFs from Simba-25 and Simba-50 at z = 6. The green dashed, dot-dashed, solid, and dotted lines represent the combined UVLFs assuming no dust, the Salmon et al. (2016) law, Calzetti et al. (2000) law, and the SMC law, respectively. The observational data shown by black circles is a compilation of the data in Bouwens et al. (2015) , Finkelstein et al. (2015) , and Bouwens et al. (2017) .
The no-dust UVLF clearly overshoots the number of bright galaxies, showing that despite the UVLF being at face value consistent with a power law, in fact the brightest UV galaxies at these epochs must already be substantially dust attenuated. All three extinction laws yield simulated UVLFs that are in agreement with the observations. The SMC law produces the most dust-attenuation, so the bright end of the LF is suppressed a bit more. Similarly, the Salmon et al. (2016) law gives more bright galaxies, but the differences produced by the three extinction laws are too small to be distinguishable with the observational data. This indicates that current measures of the UVLF are not strongly sensitive to the dust attenuation law assumed, for reasonable choices.
The bottom panel of Figure 4 is similar to the middle panel, but showing results at z = 8. Interestingly, the nodust UVLF still overshoots the observations of Bouwens et al. (2015) and Finkelstein et al. (2015) , but all the dustattenuated UVLFs now under-predict the number of galaxies with M 1500 < −18. One possibility is that the assumed normal stellar populations and IMF used to generate the UV emission is reasonable at z ∼ 6, but at z ∼ 8 they underpredict the UV flux. Another possibility is that there is too much dust attenuation at these epochs. The latter seems more likely given the large difference between the no-dust and dust-attenuated UVLFs at z = 8 compared to z = 6. To Bouwens et al. (2015) and Finkelstein et al. (2015) . The UVLF is not very sensitive to the dust extinction law. The simulations roughly match the observations at z = 6, but underpredict the number of bright galaxies at z = 8 with dust-attenuation.
further investigate this, we examine the metallicity content of these early galaxies.
Since we apply an attenuation based on the line-of-sight gas-phase metal column density to each star in Pyloser, the gas-phase metallicity is directly tied to the attenuation level in our model. We therefore examine the gas-phase massmetallicity relation (MZR) in these simulations. shows the MZR in Simba at z = 6 (green) and z = 8 (magenta). Simba-25 and Simba-50 galaxies have been combined to produce the overall relation; they agree well in the overlap region. The solid lines represent the median relations, and the shaded regions illustrate 1σ spread in metallicity. There are no observations yet of the MZR at z = 6 − 8, but for comparison we show observations at z ≈ 2 from the MOS-DEF survey (Sanders et al. 2015) and those at z = 3 − 4 by Troncoso et al. (2014) and Onodera et al. (2016) . We note that Simba-100 well reproduces the MZR at z ∼ 2 , and we would expect Simba-25 and Simba-50 to do so as well if they were run down to that redshift.
The MZR predicted in Simba-25 and Simba-50 is consistent with the z = 3 − 4 observations, although the observations have large scatter and the inferred metallicity depends strongly on the assumed strong-line calibration. Remarkably, the simulated MZR is higher at z ∼ 6 − 8 than at z = 2. This may seem counter-intuitive at first, because metallicity is often regarded as a cumulative record of past star formation. However, as Finlator & Davé (2008) ; Davé et al. (2012) and others have argued, in fact this is not correct when the inflow rates are large. Instead, the MZR reflects a recent balance between inflows and outflows, approximately given by Z ≈ y M in /(1 + η), where y is the yield, M in is the accretion rate onto the ISM, and η is the mass loading factor. The mass dependence and evolution of the MZR thus reflects that of the inflow rate and mass loading factor.
In Simba, we attenuate the high-z mass loading factor in small galaxies (M * < 2.9 × 10 8 M ) by forcing a constant mass loading factor below this mass. This was found to be necessary to generate early galaxy growth as observed; if we extrapolated our mass-dependent η to very small systems, we end up with extremely large values of η that prevent any early growth at all. With this choice, we are able to broadly reproduce observed early stellar mass growth.
However, this choice also means that the MZR has a different mass and redshift dependence than at lower redshifts. First off, because η at low masses is independent of M * , this results in a flatter Z(M * ) up to our chosen cutoff M * . Also, because mass accretion rates are generally higher at high redshifts, and this is not mitigated by high η values, this means that the predicted MZR is actually higher at high redshifts (see also the analysis in Langan et al. 2019; Torrey et al. 2019) .
There are two main effects of a higher MZR on the UVLF. One is lower UV flux output owing to stellar populations with correspondingly higher metallicity, especially in the range 0.1 − 1.0 Z . We have verified that the stellar metallicities in the simulated galaxies roughly trace the gas-phase metallicities, with ∼ 0.2 dex scatter. Changing the stellar metallicity from 0.1 Z to 1.0 Z at z = 6 − 8 lowers the galaxy UV luminosity by ∼ 0.4 mag (see Fig. 3 of Tacchella et al. 2018b ). However, the disagreement between the simulated z = 8 UVLF and the observations is larger than ∼ 0.4 mag at M 1500 < −20. This indicates that the increase in the amount of dust extinction, which is the second major effect of a higher MZR, is the main cause of a too low UVLF at z = 8 in the simulations. At z = 6, the effects of increased dust attenuation is partly cancelled by the steep DTM in Simba, leading to the dust attenuation nicely reproducing the UVLF. However, the even higher metallicities at z = 8 seem to be too extreme, resulting in too much dust extinction that lowers the UVLF. This suggests that our assumption of η at z 6 in very small galaxies may need some modification. Doing so may also help alleviate the discrepancy in the faint-end mass function of Simba-25. We leave it for future work to tune this more carefully. We note that while our assumed η(M * ) is taken from that predicted in the FIRE simulations (Anglés-Alcázar et al. 2017b), FIRE does not offer strong guidance for this quantity at these very early epochs.
Focusing on z ∼ 6 where our mass function and UVLF agreement is generally quite good, Simba predicts that the MZR at this epoch is comparable to or perhaps slightly higher than that at z = 2. This appears to be necessary in order to obtain sufficient dust attenuation for matching the UVLF. This prediction will be testable with near-IR spectroscopy from JWST.
Overall, the stellar mass function and UV luminosity function in Simba at z = 6 are in good agreement with observations. At z = 8 the mass function is still good, but the UVLF is too low, likely owing to too much metal increasing the amount of dust attenuation. This comes from Simba predicting a high MZR at z = 8, above that at z = 2, which owes to our choice of implemented mass loading factor. Some tuning of this at the low-M * end may alleviate the remaining discrepancies. For the remainder of this work, we will focus on z = 6 results.
The UV Continuum Slope
A more stringent test of dust attenuation is provided by examining the UV continuum slope β. We compute β by fitting a power-law slope using the three rest-frame magnitudes at rest-frame 1500Å, 2300Å, and 2800Å, which roughly mimics the observational procedure. We have verified that fitting a power-law to the rest-frame spectra directly yields very similar results. Figure 6 shows the simulated β−M 1500 relations at z = 6. Colors and linestyles are the same as in Figure 4 . The top panel compares the results from Simba-25 (red) and Simba-50 (blue), without dust attenuation (dashed) and assuming Calzetti et al. (2000) law (solid). Errorbars represent 1σ spread in β within the galaxy sample. As motivated in Sec. 3.1, we only use galaxies with M 1500 ≤ −16 in Simba-25 and those with M 1500 ≤ −18 in Simba-50. The two simulations are well-converged in the M 1500 range where they overlap.
Without dust attenuation, the β − M 1500 relations are flat, indicating that all galaxies have similar ages and metallicities. This is because the star formation rate-stellar mass relation in the simulations at z ≈ 6−8 has a slope of ≈ 1. Thus all galaxies require similar amounts of time to assemble their stellar masses, leading to roughly constant age with stellar mass (see also Tacchella et al. 2018b ). Hence the trend in the simulated β mostly arises from the differences in dust attenuation in the galaxies. In reality, β is also a function of the uncertain metallicity of stellar population and the star formation history. Changes in these two quantities can lead to a change in β by about < 0.3 (Wilkins et al. 2011; Tacchella et al. 2018a ). This is much smaller than a change in β induced by a change in A V or the dust extinction law, which we find to be at ∆β ∼ 0.8 level (see analysis below). Therefore β is most sensitive to the dust attenuation and can be a good tracer of the dust extinction law.
The bottom panel of Figure 6 combines the samples from Simba-25 and Simba-50 to show β − M 1500 , illustrating the effects of our three different extinction laws: Salmon et al. (2016) Calzetti et al. (2000) (solid), SMC (dotted), and no dust (dashed). We compare to observational data of Bouwens et al. (2014) and Finkelstein et al. (2012) shown as the black circles.
The SMC law, which reddens the galaxy spectra the most (see Figure 2 ), produces the shallowest UV continuum slopes and thus a β − M 1500 relation that is too high (∆β ∼ 0.4) from the observations. In contrast, the Salmon et al. (2016) law has the least extinction and hence generates bluer galaxies with the lowest β − M 1500 relation. It roughly matches the observational data at M 1500 > −20, but makes the bright galaxies slightly too blue compared to the observations (∆β ∼ −0.3). The Calzetti et al. (2000) law yields the overall best match of the simulations to the observations, though it would be even slightly better if faint galaxies had an attenuation law more like Salmon et al. (2016) . The best-fitting law being Calzetti et al. (2000) may be in some tension with observations such as Salmon et al. (2016) and Reddy et al. (2016) which tend to show less far-UV attenuation than Calzetti et al. (2000) . We note that there is some degeneracy between β and the intrinsic far-UV emission slope, which may be impacted by different stellar populations such as more binaries or Population III stars. Given such uncertainties, the broad agreement of Simba with observations assuming a Calzetti et al. (2000) attenuation law is preliminarily encouraging.
Going forward, we will employ the Calzetti et al. (2000) extinction law as our default, owing to its good agreement with both the UVLF and β − M 1500 relation. The β − M 1500 relation is a good indicator of the dust extinction law at such high redshifts. We note that we also examined this at z = 8, but the dynamic range is small and the uncertainties are large owing to the small number of galaxies in both observations and Simba, so this was not particularly enlightening. IR spectroscopy with JWST to more directly constrain the typical extinction curve in z > ∼ 6 systems will prove quite valuable at discriminating between models of early galaxy and dust growth, and thus potentially provide indirect constraints on mass outflow rates.
Galaxy Size and Morphology
A unique new capability of JWST will be to able to resolve typical reionization-epoch galaxies in the rest-frame optical, as is evident from Figure 1 . With HST, this is only possible in the rest-frame UV, and for fairly sizeable galaxies unless they are lensed. It is thus interesting to make predictions for JWST to understand the relationship between rest-UV and rest-optical sizes. We do so here by making mock images with Pyloser and mimicking the observational procedure to determine galaxy sizes. Along the way we will also compare to available HST observations of z ≈ 6 galaxy sizes.
We focus on sizes in the JWST F115W and F444W bands, which correspond to rest-frame 1600Å (UV) and 6300Å (optical) at z = 6, respectively. The former is similar to the HST F110W band, and we obtain very similar sizes in these two bands when extracted at the same resolution. For each simulated galaxy, we generate mock JWST images in these two bands with a side length of four times the maximum radius of the star particles to the galaxy's center of mass. We perform size measurements using three methods listed below:
• Growth curve method: We generate both the F115W images and the F444W images using the F115W pixel scale, 0.031 arcsec. F444W images created in this way are denoted as high resolution (F444W-HR). We use the Python photutils 2 package to detect all sources in the F444W image. Photutils estimates the background level and we assume that all pixel values 1.5σ above the background belong to some source. We then use photutils to produce a segmentation map, which is an integer-valued 2D array where pixels belonging to the same source are labelled with the same integer value. The background is tagged as zero in the segmentation map. We only keep the source with the largest area and smooth the main source segment by convolving the segmentation map with a uniform boxcar filter spanning 4 pixels in each dimension. We compute a flux weighted center using the segmentation map and perform circular aperture photometry with photutils to get the growth curve. This is used to measure the half-light radius which contains half of the total light of the galaxy. The same segmentation map and image center are used for calculating the half-light radius of the F115W image.
• Sersic fit method: We produce the F115W and F444W images using their original pixel scales, 0.031 and 0.063 arcsec, respectively. 3 The fluxes in the pixels are first rescaled so that the median flux of the pixels in the image is 1. We then convolve the F115W and F444W images with the corresponding PSFs of the two bands 4 and add Gaussian noise with a standard deviation of 50. This achieves a signal-tonoise ratio of ∼ 10 for detecting the galaxies. We use the statmorph package 5 to fit a Sersic profile (Sersic 1968 ) to the galaxy image and obtain the half-light radius r e (Rodriguez-Gomez et al. 2019). The Sersic profile parametrizes the surface brightness profile of a galaxy as
where Σ 0 is the surface brightness at r = r e , b n is a coefficient chosen so that a circular aperture with radius r e contains half of the galaxy's flux, and n is the Sersic index. Statmorph also takes a segmentation map and the PSF as input. During each step of the Sersic profile fitting, the modelled Sersic profile is convolved with the PSF to correct for the PSF effects. We keep all galaxies whose "bad measurement" flags are 0, indicating good measurements (flag and flag_sersic; see Rodriguez-Gomez et al. 2019, for details) . This is a much looser selection criterion than that used in Rodriguez-Gomez et al. (2019) because we would like to keep more data. The "good fit" criteria depend on other input parameters as well, such as the gain (which we set to 1). We therefore avoid removing a large fraction of galaxies out of our sample so as not to bias our results. However, we caution that r e values that fall below the PSF FWHM of the filters are unlikely to be reliable.
• 3D half-light method: We calculate the fluxes in F115W and F444W for each star particle in a galaxy and compute a light-weighted centre. We then measure the threedimensional half-light radius for the galaxy, which can be seen as the "intrinsic" size of the galaxy. Figure 7 illustrates the steps of the Sersic fit method. Top and bottom panels show images in F115W and F444W respectively. The images are shown out to twice the 3D stellar radius of the galaxy, which is the largest distance of a star particle to the galaxy's center of mass as determined by Caesar. The leftmost column shows the original images of the same galaxy in Simba-25 as shown in Figure 1 . The second column presents the images after being convolved with PSFs in the two bands and added Gaussian noise. The bestfit Sersic profile models convolved with PSFs are shown in the third column. Finally, the rightmost column shows the normalized residual of the Sersic fit. The 'bad measurement' flags of this galaxy all indicate successful Sersic fits, but not all the features can be fully fitted. This is not surprising given that early small galaxies are often fairly irregular and clumpy in Simba, as is also the case in observations. Nonetheless, the Sersic fit captures much of the overall profile. Figure 8 shows the (rest-UV) size-luminosity relations at z = 6 obtained using the growth curve method, the Sersic fit method, and the 3D half-light method from left to right. The sizes are measured in the F115W band and shown in units of physical kpc, and plotted versus M 1500 . Red and blue lines illustrate results in Simba-25 and Simba-50, respectively. Errorbars represent the 1σ spread in the sizes. The black line shows the observed size-luminosity relation in Kawamata et al. (2018) , and the shaded region represent 1σ error. Kawamata et al. (2018) measured the sizes of a sample of galaxies obtained in the Hubble Frontier Fields program by correcting the lensing effects and fitting Sersic profiles to the stacked images in the WFC3/IR bands. In the left and middle panels, the green and orange dashed lines show the F115W pixel scale and the PSF FWHM, respectively.
The simulated size-luminosity relations are reasonably converged between the two simulations, using all three methods. Given that the nominal resolution of Simba-50 is about 50 physical pc at this redshift, and half that in Simba-25, and the F115W pixel scale is ∼ 4× larger than this, it is not surprising that the predictions are robust to resolution effects, at least down the sizes probed by JWST.
Overall, the galaxy sizes measured using the two observational approaches (growth curve and Sersic) agree well with HST observations. The brightest galaxies have sizes of about a physical kpc, whereas galaxies at M 1500 ≈ −17 to −18 approach the instrumental resolution; below this, it will be difficult to robustly measure sizes without the aid of lensing. Sizes measured with growth curve method that fall below the F115W pixel scale (green dashed line) are not fully trustable. Similarly, sizes obtained with the Sersic method should be trusted when they are larger than the PSF FWHM (orange dashed line).
Theoretically, the 2D half-light radii should be smaller than the 3D ones because of the effects of projecting a 3D object to a 2D plane. However, the 3D half-light method produces sizes that are clearly smaller than the observational methods. This partly owes to PSF smoothing and noise blurring out the images. The finite resolution of the images also connects some structures in the 2D images, which do not belong to the same galaxy in the 3D volume. Objects in front of or nearby a galaxy might thus be mixed with the galaxy in the 2D image. Because of these effects, the image segmentation routine tends to label an area that is larger than the intrinsic boundary of a galaxy, resulting in a larger 2D halflight radius than the true value. Hence there is some bias already in observed sizes, compared to the true half-light radius. We examine this in more detail below. Figure 9 illustrates the ratio of the measured F115W sizes to the 3D half-stellar mass radii as a function of stellar mass, with the F115W sizes obtained by the three methods. Solid lines represent the median of the ratios, and the shaded regions show 1σ spread in the size ratios. As before, red corresponds to Simba-25 and blue to Simba-50. The right panel indicates that 3D half-light radius is a very good measure of the half-stellar mass radius. The ratios of the 3D half-light radii to the half-stellar mass radii are very close to 1, and the scatter is small. This is true even though the size is measured in a rest-far UV band. In fact we will show below that the z = 6 galaxies in Simba have very similar sizes in rest-UV and rest-optical.
When taking into account the finite pixel size in the growth curve method, the measured sizes of galaxies with M * < 10 8 M overshoot the true sizes by ∼ 0 − 50% because these galaxies are not fully resolved by the large pixel size. The sizes of intermediate-mass galaxies (10 8 M < M * 10 9.5 M ) are recovered well, while for more massive galaxies there is a weak trend that the sizes are overestimated more. Similar trends are seen when using the Sersic fit method, except that the overshoot is magnified to 0 − 100% owing to effects of PSF and noise. We have thus confirmed the bias of the observed sizes as seen in Figure 8 . As explained above, the finite resolution, PSF and noise, and effects of projecting a 3D volume to a 2D image all contribute to the measured sizes having the tendency of being overestimated. For the massive galaxies, we find that they tend to show clumpy and/or extended structures around them. The galaxy presented in Figure 7 is such an example, which has M * = 6 × 10 9 M . The images are shown out to twice the 3D stellar radius, and there are clearly more extended structures and clumps that exist beyond the boundary of the galaxy given by Caesar. Such structures tend to be identified to belong to a galaxy in our size measurement routine, leading to an overestimate of the sizes. For the intermediate-mass galaxies, they are relatively more isolated than the massive ones, so the measured sizes recover the true sizes better. This test illustrates how the systematics in real observations bias Figure 8 . The size-UV luminosity relations measured in the JWST F115W band (rest-frame UV) at z = 6. From left to right, sizes are obtained using the growth curve method, the Sersic fit method, and the 3D half-light method respectively (see text for detaills). Red and blue represent results obtained from Simba-25 and Simba-50, respectively. Errorbars show 1σ spread in the sizes. For the growth curve and Sersic fit methods, we generate images assuming the Calzetti et al. (2000) law. For the 3D half-light method, the size measurements shown use the dust-attenuated flux in F115W. All methods yield a descent match to the observed size-luminosity relation.
the size measurements, and importantly we find this is a mass-dependent effect.
We now explore how the rest-frame optical sizes compare with the rest-frame UV ones. This is important for future JWST observations because JWST is able to observe the z ∼ 6 galaxies in the rest-frame optical wavelengths, while HST cannot. Figure 10 shows comparisons between the F444W sizes and the F115W sizes, measured using the three methods. The green dashed line in the leftmost panel indicate the F115W pixel scale. The orange and yellow dashed lines in the middle panel represent the PSF FWHM of F115W and F444W respectively. In the rightmost panel showing the intrinsic 3D half-light radii, the F115W and F444W sizes match each other very well. This is surprising because for galaxies at much lower redshifts where the cores are redder and the disks are bluer, the rest-frame optical sizes should be smaller than the rest-frame UV sizes (e.g. Szomoru et al. 2013; Lang et al. 2014; Mosleh et al. 2017; Tacchella et al. 2015a,b) . Our size measurements at z = 6 3D half light radii Figure 9 . Similar to Fig. 8, but showing comparisons of the measured F115W sizes (rest-UV) to the galaxy 3D half-stellar mass radii as a function of stellar mass. Shaded regions represent 1σ spread in the size ratios. The 3D half-light radii traces the half-mass radii very well at z = 6. Due to the finite pixel size and smoothing by the PSF, size measurements in real observations bias the "true" sizes, which we find to be a mass-dependent effect. 3D half light radii Figure 10 . Similar to Fig. 8, but showing comparisons between F444W (rest-optical) sizes and F115W (rest-UV) sizes at z = 6. The green dashed lines in the left panel show the pixel scale of JWST F115W. The orange and yellow dashed lines in the middle panel represent the FWHM of the PSFs in F115W and F444W, respectively. We did not remove galaxies with F444W sizes smaller than the PSF FWHM, but we caution that such size measurements may not be reliable. Regardless of the size measurement method used, the F115W (rest-UV) and F444W (rest-optical) sizes are very similar.
therefore indicates young stellar populations and small age gradients with radius in these high-z galaxies.
The sizes measured with the two observational approaches make very similar predictions as the theoretical method on the sizes in rest-frame UV and optical. The growth curve method is limited by the finite pixel size, but still produces a clear one-to-one trend (shown by the black diagonal line) of the sizes in the two bands. The Sersic fit method gives more scatter in the measured sizes, primarily owing to the smoothing by the PSFs. The similarity in the F115W and F444W sizes can still be seen. However, because of the large FWHM of the F444W PSF (0.83 physical kpc at z = 6) compared to the physical sizes of the galaxies (of order ∼ 1 kpc), a lot of the Sersic fit results go below the FWHM of the F444W PSF (horizontal dashed yellow line). The z ∼ 6 galaxies thus still require lensing in order for their size measurements in the rest-frame optical bands to be reliable with the observations of JWST.
To explore the origin of the similarity of the sizes in rest-UV and rest-optical, we have produced maps for the JWST F115W -F444W color, A V , and age for the simulated galaxies. Figure 11 presents examples of the maps created with two galaxies in Simba. The maps have the same pixel size as F115W, 0.031 arcsec. The galaxy shown in the top row has M * = 2.3 × 10 9 M and SFR= 7.4 M /yr, and the one in the bottom row has M * = 4.9 × 10 9 M and SFR= 40 M /yr. The maps are shown out to twice the 3D stellar radius of the galaxy, which is the largest distance of a star particle to the galaxy's center of mass as determined by Caesar.
With dust extinction, the galaxies exhibit roughly uniform F115W -F444W color (leftmost column), with the top galaxy having a slightly redder core and the bottom one having a slightly bluer core. Without dust, the core is clearly bluer in the center (second column), especially for the bottom galaxy. Both galaxies have A V maps that peak in the center (third column), as expected since this is where the densest gas resides, and also the metallicity is higher in Figure 11 . Examples of maps of JWST F115W -F444W colors with (leftmost column) and without dust (second column), A V (third column), and age (rightmost column), created with two galaxies in Simba. The galaxy shown in the top row has M * = 2.3 × 10 9 M and SFR= 7.4 M /yr, and the one in the bottom row has M * = 4.9 × 10 9 M and SFR= 40 M /yr. The maps have the same pixel scale as F115W, 0.031 arcsec. These maps indicate weak age gradient which makes the center of the galaxies bluer, while more dust in the center makes it redder and thus weakens the color gradient of the galaxies.
the core. The effect is stronger for the bottom galaxy. Also stronger is the age gradient (rightmost column); the bottom galaxy has a very young core, compared to the top one, which is perhaps related to the fact that the bottom galaxy has a three times higher sSFR. Interestingly, the galaxy in the bottom row shows an off-centre star-forming clump near the lower-left corner which also has high A V values, suggesting that giant clumps as seen in z ∼ 2 galaxies may also be evident at these epochs. Curiously, the combined impact of the younger core with higher A V seems to approximately cancel out in the F115W -F444W color, leaving a mildly bluer core in the bottom galaxy. In the top galaxy, there is essentially no young core, and a weak A V gradient, leading to a slightly redder core.
These results indicate that the weak age gradients of the simulated z = 6 galaxies make the centers of the galaxies bluer, while more dust in the central star-forming regions makes them redder. The two effects weaken the color gradients of the galaxies, leading to very similar rest-UV and rest-optical sizes. Breaking this well-known age-dust degeneracy would ideally require longer wavelength data with JWST/MIRI, although such data will be more limited in sensitivity and resolution as compared with NIRCAM data. These maps demonstrate how reionization-epoch galaxies may be different from those at lower redshifts, which might be testable with future JWST observations.
Overall, Simba produces galaxy sizes at z = 6 in good agreement with current HST data, and allows detailed predictions for sizes to be measured with JWST. The restoptical and rest-UV sizes predicted in Simba are quite similar, and thus predicts that early galaxies do not exhibit the more concentrated mass distribution relative to UV light as observed at lower redshifts. The 3D half-light radius well traces the half-mass radius, but with the inclusion of PSF and noise effects and analysing as in obser-vations, the observed sizes are over-estimated by up to a factor of two at high and low masses. At high masses this owes to extended structures and clumps being identified as belonging to the galaxies, while at low masses the PSF blurring becomes important. Nonetheless, for galaxies with 10 8 M * 10 9.5 M , the JWST F115W half-light size provides a reasonably good proxy for the half-mass size. Future JWST observations may also be able to test our prediction of the central dust-obscured star formation and weak age gradients in the z = 6 galaxies, which differ from the findings of galaxies at lower redshifts.
SUMMARY
In this work, we study the photometric properties of reionization-epoch galaxies in the cosmological hydrodynamic simulations from the Simba suite having 25h −1 Mpc (Simba-25) and 50h −1 Mpc (Simba-25) volumes. Simba-25 reaches resolutions < ∼ 50 pc physical at z = 6 and resolves all hydrogen cooling halos, and Simba-50 exhibits good resolution convergence in all properties while allowing larger objects to be represented. Our main results are highlighted below:
• Simba produces reasonable agreement with the observed z = 6 UV luminosity function, owing to a partial cancellation between the relatively high metallicities in the simulated galaxies and a steep dust-to-metal ratio-gas-phase metallicity relation. We find that the UVLF at M 1500 −21 is not sensitive to the form of the dust extinction law assumed. Simba under-produces the UVLF at z = 8, which may be caused by too few massive galaxies but more likely because of too much metal that increases the amount of dust extinction.
• When assuming a Calzetti et al. (2000) extinction law, Simba produces a relationship between the UV continuum slope β and M 1500 in very good agreement with available observations at z = 6, with a hint that the shallower Salmon et al. (2016) modification is preferred for faint galaxies. We find that β is a good tracer of the dust extinction law, with the Salmon et al. (2016) law and the SMC law producing ∆β ∼ 0.8. Without dust, the simulated β − M 1500 relation is flat, owing to the simulated star formation rate-stellar mass relations at z = 6 − 8 having a slope of ≈ 1. This results in similar amounts of time to double the stellar masses in different galaxies, thus similar ages and metallicities of the stellar populations.
• The gas-phase metallicities of Simba galaxies at a given M * are higher at z = 6 than at z = 2. At z = 8, Simba predicts an even higher mass-metallicity relation. The higher metallicity affects both the UV flux output of stellar populations and the amount of dust attenuation, but more significantly the latter. This metallicity evolution is understandable within a simple scenario where the gas-phase metallicity reflects a balance of pristine inflow versus enriched outflow, given the assumed mass outflow rates in Simba. A more finetuning of the mass loading factor in low-mass galaxies may mitigate the tension between the low-mass end of simulated stellar mass function and the observations at z = 6, as well as the simulated UVLF and the observations at z = 8. Nevertheless, the fact that the simulated z = 6 UVLF and β−M 1500 relation match the observations hints upon the possibility of early enrichment of high-redshift galaxies, which will be testable with future JWST observations.
• We measured the sizes of the simulated z = 6 galaxies by generating mock JWST images in the F115W (rest-UV) and F444W (rest-optical) bands. We find that Simba produces F115W size-M 1500 relations that are in reasonable agreement with the observations of HST, regardless of whether the size measurement mimics the methods used in real observations, or is performed by theoretical calculations.
• We find that the simulated galaxies have very similar sizes in rest-UV and rest-optical, regardless of the method of size measurement. This has great implications for JWST because it will be able to observe the z = 6 galaxies in the rest-optical bands. Most simulated galaxies have sizes below the FWHM of the F444W PSF, indicating that lensing is needed for their size measurements to be trustable.
• We find that the observed half-light radius is a slightly biased tracer of the 3D half-stellar mass radius. At M * < 10 8 M , the measured half-light radii are limited by the image pixel scale and the blurring of the PSF, resulting in an overestimate of the true sizes. At M * 10 9.5 M , the simulated galaxies often exhibit clumps and/or extended structures right outside their stellar boundaries. There is thus a tendency for the image segmentation routine to label a larger area as belonging to a galaxy, leading to a higher measured size. Depending on the method of size measurement, the overestimate could be 0 − 50% or up to a factor of 2. The intermediate-mass galaxies are relatively more isolated, so their measured sizes are less biased.
• We find that the simulated galaxies show younger ages and more dust-obscured star formation in the inner parts, with stronger age gradients accompanying stronger extinction gradients. These two effects approximately counteract each other to produce weak F115W-F444W color gradients in the simulated z = 6 galaxies, leading to very similar rest-UV and rest-optical sizes. This prediction is very different from the findings of the color gradients of galaxies at lower redshifts, and thus will be interesting to test with future JWST observations. Future observational facilities including JWST will be able to yield more accurate measurements of z 6 galaxies, such as the stellar population properties and the enrichment histories. Accompanying multi-wavelength observations such as with ALMA will be crucial for providing an independent measure into the gas content and star formation rate, thereby giving independent avenues for constraining physical properties if such measures can be robustly interpreted within galaxy formation models (e.g. Leung et al., in prep.) . Galaxy formation simulations such as Simba thus can provide promising directions for future observations to probe, which in turn will act as direct tests of the input physical models. It is of particular interest to compare the predictions from simulations with different galaxy formation models. For instance, the Illustris-TNG50 simulation has a comparable volume and resolution as Simba, and allows for a statistical examination of the galaxy population properties Pillepich et al. 2019) . Such simulations can also provide a rich database for a thorough mimicking of the observational methods in order to understand the bias between the observed quantities and the underlying physical properties. FSPS) is also included. We perform this calculation only for the z = 6 galaxies in Simba-25 Figure A1 shows the UVLF (top panel) and β−M 1500 relation (bottom panel) at z = 6 in Simba-25. Black solid, blue dashed, and red dot-dashed lines represent MIST, PADOVA, and BPASS respectively. The different model predictions on the UVLF and the β − M 1500 relation are thus very similar. This is consistent with the findings of Choi et al. (2017) that the predictions on the far-UV spectrum by different isochrone models are very similar. It is only the ionizing photon production that differs a lot when changing the isochrone models. Thus the photometric properties of the simulated galaxies are robust with respect to changes in the isochrone model. This comparison also implies that altering an isochrone model cannot mitigate the disagreement between the simulated z = 8 UVLF and the observations. This paper has been typeset from a T E X/L A T E X file prepared by the author.
